An EMC filter plays a key role to comply with the EMC standards. On the other hand, apart from an effect of EMC suppression, an EMC filter can lead to an additional space and cost. Thus, it has to be optimally designed. To realize an optimal filter design, stray magnetic couplings between components should be properly considered in addition to the self stray impedance of the components 1） 2） 3）
An EMC filter plays a key role to comply with the EMC standards. On the other hand, apart from an effect of EMC suppression, an EMC filter can lead to an additional space and cost. Thus, it has to be optimally designed. To realize an optimal filter design, stray magnetic couplings between components should be properly considered in addition to the self stray impedance of the components 1） 2） 3） . However, it is not practical to consider all stray magnetic couplings existing in a power electronic device. Because a product designer can not determine which part of an EMC filter has to be modified for better performance by using simulation with consideration of a huge number of stray magnetic couplings. Furthermore, at an early stage of product design process, a product designer has no detailed 3D geometry of a product.
Therefore a reduction of the complexity of the modeling, namely an extraction of major couplings, is needed especially in a product design process. With respect to an extraction of major couplings, the idea to identify major couplings has been suggested in 4） , but however, since the idea is empirically developed using 
Basic idea of simplification method
The EMC filter in Fig. 1 is assumed to be a part of the half-bridge circuit as shown in Fig With the above-mentioned approximations (3)- (5),
Iout_high and Iout_out can be simplified as follows: The influence of ehigh and eout can be compared using a ratio between the additional currents in the output loop Iout_high and Iout_out expressed by (6) and (7). The ratio rIout is described as:
Unless ehigh is exceptionally larger than eout, the ratio rIout is basically much smaller than 1, because ZL is much larger than ZCout from the viewpoint of a filter design;
otherwise the EMC filter has no effect on noise attenuation. Based on this premise, the stray magnetic couplings in the EMC filter can be simplified as described in Fig. 5 , where Min-out is the major stray magnetic coupling between the input loop and the output loop.
In this chapter, to clarify its applicability and its problems to be solved for application to actual products, we apply the proposed modeling method to an EMC filter for a SiC solar inverter. 
Tested EMC filter

Modeling of filter capacitor
Stray magnetic couplings used in a filter performance simulation can be obtained from geometry by means of commercial 3D simulation software 8) .
Furthermore, effective modeling methods of the relevant components for the 3D simulation have been reported in the past investigations 9)10) . According to the investigations, geometry of PCB tracks and filter coils can be directly applied to the 3D simulation in most of cases.
Whereas, geometry of a filter capacitor requires a major modification, since the inner structure of the filter capacitor is too complicated to be directly applied to the 3D simulation, as described in Fig. 8 .
Therefore, to obtain stray magnetic couplings, the modified capacitor model with the simplified inner structure described in Fig. 9 is applied to the 3D simulation.
Consideration of magnetic material
Since partial impedance is needed for the filter performance simulation of the tested EMC filter, we use the Partial Element Equivalent Circuit (PEEC) method software FastHenry 11)
.
To estimate an accurate stray magnetic coupling by using simulation, influences of permeability of the magnetic core should be properly considered.
However, most of the commercial software including the PEEC software does not consider permeability;
simulations considering permeability can lead to a tremendous increase of computational time, even if it is possible with specific software. Thus, in simulation, we have to consider permeability of a core in a simple way only where necessary.
In 12)13) , it is concluded that leakage magnetic flux from a typical common mode choke coil generated by differential mode current is nearly equal to that from a solenoid coil. That is because the magnetic fluxes inside the core, generated by the currents in both of the windings, repel each other and flow outside of the core as shown in Fig. 10 . Fig. 11 illustrates the idea of the approximation. The winding of the coil can be described as the solenoid coil with the same effective magnetic length l and the same cross section A, where l is given by:
Where θ is the winding coverage angle and r is the radius of the coil. .
The output inductor is built using a Hitachi Metals AMCC-40 core with an air gap of 1.1mm. The number of turns of the winding is 48. The horizontal and vertical wire sizes of the winding are 6mm and 2mm respectively. Fig. 12 shows the simulation model. The input current is 1A, and the simulating frequency is 1MHz. In Fig. 13 , there is no significant difference in the distribution of the magnetic flux between the simulation results with the core and without the core. Moreover the common mode choke coil is not the main part of the output loop. Thus we reach a conclusion that it is not necessary to consider μeff of the output inductor and the common mode choke coils for the filter performance simulation conducted in the next chapter. On the other hand, it is highly likely that μeff needs to be considered by using the above mentioned approximation for the simulation in differential mode. In future work, the influence of μeff needs to be investigated in more detail.
Applicability to the tested EMC filter
As stated in the preceding chapter, a major stray magnetic coupling basically occurs between an input loop and an output loop in an EMC filter. In this section, the applicability of the proposed modeling method to the tested EMC filter is verified.
In Fig. 4 , the induced voltage in the output loop eout is generated by the stray magnetic coupling between the input loop and the output loop Min-out. And similarly to eout, the induced voltage in the high impedance area ehigh is dominantly generated by the stray magnetic coupling between the input loop and the filter coil
Min-L.
Hence eout and ehigh can be described as follows:
By using (11) and (12), the ratio of the output current rIout is given by: It can be seen that calculated rIout is smaller than 0.1 in the frequency range from 0.02MHz to 30MHz.
Therefore it is concluded that the influence of the induced voltage in the high impedance area ehigh is negligible in this frequency range. This fact in Fig. 14 corroborates that the major stray magnetic coupling in the tested EMC filter is Min-out.
To verify the effectiveness of the proposed modeling method, the filter performance of the EMC filter is compared between a measurement and a simulation. . The major stray magnetic coupling incorporated into the circuit simulation model described in Fig. 16 is obtained from the 3D geometry by using the PEEC method software. Fig. 17 depicts the 3D simulation model including the output inductor, the common mode choke coil, the X and Y-capacitors, the connecting wires and the PCB tracks. The inductor and the coil have no core based on the conclusion in the preceding chapter. 
Comparison of filter performance
